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We present a study of the electronic structure and magnetism of Co2MnAl, CoMnVAl and their
heterostructure. We employ a combination of density-functional theory and dynamical mean-field
theory (DFT+DMFT). We find that Co2MnAl is a half-metallic ferromagnet, whose electronic
and magnetic properties are not drastically changed by strong electronic correlations, static or
dynamic. Non-quasiparticle states are shown to appear in the minority spin gap without affecting
the spin-polarization at the Fermi level predicted by standard DFT. We find that CoMnVAl is a
semiconductor or a semi-metal, depending on the employed computational approach. We then focus
on the electronic and magnetic properties of the Co2MnAl/CoMnVAl heterostructure, predicted
by previous first principle calculations as a possible candidate for spin-injecting devices. We find
that two interfaces, Co-Co/V-Al and Co-Mn/Mn-Al, preserve the half-metallic character, with and
without including electronic correlations. We also analyse the magnetic exchange interactions in
the bulk and at the interfaces. At the Co-Mn/Mn-Al interface, competing magnetic interactions
are likely to favor the formation of a non-collinear magnetic order, which is detrimental for the
spin-polarization.
PACS numbers: 71.20.-b, 73.20.-r, 75.70.-i, 85.75.-d
I. INTRODUCTION
In the last decade spintronics has emerged as an im-
portant field of research at the intersection between elec-
tronics and magnetism [1]. The basic concept in spin-
tronics is that information is transmitted by manipulat-
ing not only charge but also spin currents. Applications
include various devices, as e.g. the magneto-resistive ran-
dom access memory, based on the giant magnetoresis-
tance (GMR) and tunneling magnetoresistance (TMR)
phenomena [2, 3]. Practical realizations of these effects
consist of multi-layered systems whose basic components
are half-metallic ferromagnets (HMFs) [4–7] sandwiching
a non-magnetic layer (either semiconducting or metallic).
In order to realize an efficient spin-injection, the HMFs
have to be chosen with a high spin-polarization, possibly
holding over a wide range of temperatures.
Searching for materials with the right properties for
spintronics is not a simple task. While experimental stud-
ies involve a substantial amount of resources, theoretical
investigations suffer of oversimplified modeling, neglect-
ing important factors such as the non-stochiometry of
the samples or the presence of defects [8]. Additionally,
theoretical studies are often based on density-functional
theory (DFT), which treats electronic correlations only
approximately in local or semi-local functionals [9–11].
HMFs possess 3d electrons that are partially localized
and are therefore expected to exhibit significant corre-
lation effects [12]. In fact they are characterized by an
essential feature due to many-body effects, i.e. the ex-
istence of non-quasiparticle (NQP) states [13–15]. NQP
states influence the value and temperature dependence
of the spin polarization in HMFs [12, 15, 16] and are
therefore of primary interest for potential applications.
NQP states have been shown to contribute significantly
to the tunneling transport in heterostructures contain-
ing HMFs [17–21], even in presence of arbitrary disor-
der. The origin of NQP states is connected with “spin-
polaron” processes; in half-metals where the gap appears
in the minority spin channel (minority spin gap half-
metals) no low-energy electron excitations are possible in
the minority spin channel within the single-particle pic-
ture. However, low-energy electron excitations can still
be constructed as superpositions of spin-up electron ex-
citations and virtual magnons [12–15].
Including NQP states in the electronic structure re-
quires methods beyond standard DFT. The dynamical
mean-field theory (DMFT) [22–24] describes the local
correlation effects exactly and is therefore suitable to cap-
ture the essential physics of the HMFs [12]. To retain
the predictive character of ab-initio calculations one often
employs a combination of DFT in the local spin-density
approximation (LSDA) and DMFT, which we address
here with the acronym LSDA+DMFT (for a review of
this approach, see Ref. 25). The LSDA+DMFT scheme
has been successfully applied to describe the physical
properties of a variety of HMFs, including systems of
both minority spin gap [4, 26–30] and majority spin
gap [28, 31]. The general feature reported in these studies
is that NQP states leave their signature on the excitation
spectra as small resonances just above (below) the Fermi
level when the gap lies in the minority (majority) spin
channel. Non-local correlations have also been investi-
gated, by means of theories beyond DMFT, as e.g. the
variational cluster approach [32–35]. These calculations
not only confirm the main findings obtained with DMFT,
2but they even assign a larger weight to the NQP states
around the Fermi level [29, 36, 37].
While the depolarizing mechanism associated to NQP
states has been widely studied in bulk HMFs, a
few studies analysed this phenomenon in multilay-
ered heterostructures which are the components of the
GMR/TMR setup. The magnetic tunnel junction
Co2MnSi/AlO2/Co2MnSi was investigated by means of
tunneling spectroscopy measurements, showing evidence
of NQP states above the Fermi level [16]. More recently,
the magnetic tunnel junction Co2MnSi/MgO was anal-
ysed through extremely low energy photoemission spec-
troscopy [38]. Although these results can be interpreted
in terms of NQP states, the authors suggested that they
can also be a signature of a non-collinear arrangement of
spins at the interface. These experimental findings and
the lack of material-specific studies of interfaces based
on advanced many-body theories are the motivations be-
hind the present work. To analyse the role of NQP states
and the tendency to non-collinear magnetism, we focus
on bulk Co2MnAl and CoMnVAl, as well as their het-
erostructure. The relevance of these systems lays in the
fact that they were previously predicted [39] to form two
interfaces preserving the half-metallic character of the
parent material Co2MnAl, namely Co-Co/V-Al and Co-
Mn/Mn-Al. In the present work we show that this impor-
tant conclusion is not changed by the inclusion of strong
correlation effects. We also show that the Co-Mn/Mn-Al
interface is characterized by competing exchange inter-
actions that may potentially lead to a non-collinear ar-
rangement of spins. Our results suggest that the present
heterostructure is a good candidate for the experimental
realization of a highly spin-polarized interface, in partic-
ular if focusing on Co-Co/V-Al.
The paper is organized as follows. Sec. II illustrates
the Computational Details used for our calculations.
Sec. III A and Sec. III B are dedicated to bulk Co2MnAl
and bulk CoMnVAl, respectively. The magnetic and
spectral properties of the heterostructure composed by
Co2MnAl and CoMnVAl are presented in Sec. IV. The
Conclusions of our work are drawn in Sec. V.
II. COMPUTATIONAL DETAILS
Scalar relativistic electronic structure calculations were
performed by means of the full-potential linearized
muffin-tin orbitals (FP-LMTO) code RSPt [40, 41]. The
exchange-correlation potential was treated in the LSDA
and in the generalized gradient approximation (GGA),
using respectively the parametrizations by Perdew and
Wang [42] and by Perdew, Burke and Enzerhof [43]. The
muffin-tin spheres, which in a full-potential code are still
used to divide the physical space in the unit cell, were
carefully optimized to offer a good description of the elec-
tron density in both bulk and heterostructure. This pro-
cedure lead to muffin-tin radii of 2.20, 2.10, 1.8 and 2.34
a.u. for respectively Mn, Co, Al and V. The valence
electrons were described with 4s, 4p and 3d states for
the transition metals and 3s, 3p and 3d states for Al. Se-
lected calculations were also performed with an extended
set of valence electrons, including semi-core states. Con-
sidering these additional states resulted into a variation
of the equilibrium lattice constants of less than 0.1% and
was therefore deemed not necessary for the purposes of
this study.
In RSPt one can address the effects of strong
Coulomb interaction for localized electrons at the level of
LSDA+U [44] and LSDA+DMFT [25]. Both approaches
start from a correction to the Kohn-Sham Hamiltonian
in the form of an explicit intra-atomic Hubbard repul-
sion for the 3d states of the transition metal elements.
This term can then be treated self-consistently in a
mean-field (Hartree-Fock) approach, as in LSDA+U [44],
or by more sophisticated many-body theories, as in
LSDA+DMFT [25]. We here consider the most gen-
eral form of LSDA+U and LSDA+DMFT, where the
interaction vertex is taken as a full spin and orbital
rotationally invariant 4-index U-matrix [44, 45]. This
matrix is parametrized in terms of Slater parameters,
which are F 0, F 2 and F 4 for 3d states. These param-
eters can in turn be obtained from the average screened
Coulomb interaction U and corresponding Hund ex-
change J [25, 46]. Calculated Coulomb interaction pa-
rameters were recently reported for Co2MnAl [47], based
on the constrained random-phase approximation (cRPA).
The authors reported a partially (fully) screened value of
U of 3.40 (0.81) eV for Co and of 3.23 (0.83) eV for Mn.
As far as we know, there are no calculations available for
CoMnVAl. Therefore, for simplicity and for facilitating
a meaningful comparison between bulk and heterostruc-
tures, we here adopted a uniform value of U = 2.0 eV
for the 3d states of all transition metals (Mn, Co and V).
This value is included in the range defined by the par-
tially screened value and the fully screened value reported
above, and is also in line with the values calculated for
the corresponding elemental solids [48, 49]. The Hund’s
exchange J is not affected much by screening and was
here set to a value of 0.9 eV. For completeness, we also
performed an additional set of calculations by using the
partially screened values mentioned above. Those results
are summarized in Appendix A.
The addition of a Hubbard U interaction term in the
total energy functional, also introduces the need for a
“double-counting” correction. The latter accounts for
the fact that the contribution to the total energy due
to the Hubbard term is already included (although not
correctly) in the exchange correlation functional. The
double-counting scheme is unfortunately not uniquely
defined, and usually creates some ambiguity [50, 51].
Here we consider the double counting in the so-called
fully localized limit (FLL) [44, 50, 52] in LSDA+U.
For LSDA+DMFT we instead remove the orbital av-
erage of the static part of the self-energy [46, 53, 54].
The effective impurity model arising in LSDA+DMFT is
solved by means of the relativistic version of the Spin-
3Polarized T-Matrix Fluctuation Exchange (SPTF) ap-
proximation [53, 55]. The applicability of SPTF to HMFs
and Heusler compounds has already been demonstrated
in a number of studies, as discussed in a recent re-
view [12].
The LSDA+DMFT calculations were performed us-
ing finite temperature Green’s functions at T = 160
K. A total of 2048 Matsubara frequencies were consid-
ered. Spectral functions for all methods were calculated
at real energies displaced at a distance δ = 2 mRy from
the real axis. In case of LSDA+DMFT the analytical
continuation of the self-energy was required to obtain
the spectral function. To this aim we used the least-
square average Pade´ approximant method [56], whose
initial steps are based on Beach’s formulation [57]. In
the following, for an easier comparison with electronic
structure literature, we will drop the term spectral func-
tion in favour of density of states (DOS) and projected
density of states (PDOS). The local orbitals used to de-
scribe the 3d states in LSDA+U and LSDA+DMFT were
constructed from the so-called muffin-tin (MT) heads and
are therefore atomic-like. A more comprehensive discus-
sion on this and other technical details can be found in
Refs. 46, 54, and 58.
We have also calculated the exchange parameters be-
tween the magnetic atoms in the bulk and at the interface
of the two compounds. Using the converged electronic
density obtained in the previous step, the interatomic
exchange parameters were obtained by mapping the mag-
netic excitations onto the Heisenberg Hamiltonian:
Hˆ = −
∑
i6=j
Jij~ei~ej (1)
where Jij is an exchange interaction between the spins at
sites i and j, and ~ei is a unit vector along the magneti-
zation direction at the corresponding site. We extracted
the Jij ’s by employing the method of infinitesimal rota-
tions of the spins in the framework of the magnetic force
theorem [59, 60]. More technical details about the evalu-
ation of the exchange interactions in RSPt can be found
in Ref. [61]. The local orbitals used to calculate the Jij ’s
were again chosen as MT-heads.
While we used RSPt for all data presented in this ar-
ticle, the geometry optimization of the heterostructure
was too heavy to be performed in an all-electron method.
Therefore, to this aim, we employed the projector aug-
mented wave method [62], as implemented in the VASP
code [63]. The plane-wave energy cut-off was set to 550
eV to ensure the completeness of the basis set. The po-
sitions of the ions as well as the volume were relaxed
so that the residual forces between the ions became less
that 0.01 eV/A˚ . Meanwhile, the lattice constant in the
xy plane as well as in the z direction have been varied
separately around the averaged of the optimized bulk val-
ues for Co2MnAl and CoMnVAl, until the change in the
total energy was found converged up to 0.001 eV.
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FIG. 1. (color online) Total DOS of Co2MnAl, as well
as PDOS for the 3d states of Mn and Co, as obtained in
LSDA (gray shade), LSDA+U (blue) and LSDA+DMFT
(turquoise). Positive and negative values correspond to ma-
jority and minority spin channels, respectively. The Fermi
level is at zero energy and emphasized with a vertical line.
III. BULK
A. The half-metallic Co2MnAl
Co2MnAl [64] is a type of Heusler compound which
crystallizes in the cubic L21 structure (space group
Fm3m). The Co atoms are placed on Wyckoff position
8c/(1/4, 1/4, 1/4), while Mn and Al atoms are situated in
the position 4a(0, 0, 0) and 4b(1/2, 1/2, 1/2) respectively.
We performed relaxation of the lattice constant in GGA,
which usually leads to a good description of the chemi-
cal bonding in transition metals compounds. The Bril-
louin Zone (BZ) was sampled with a dense Monkhorst-
Pack grid of 16 × 16 × 16 k-points. We obtained an
equilibrium lattice constant of 5.69 A˚, which coincides
with the value reported in a recent study based on a
pseudo-potential plane-wave code [65]. This value is in
reasonable agreement with the experimental value of 5.75
A˚ [64], which confirms that our approach can describe the
structural properties well.
We then performed an analysis of magnetic and spec-
tral properties at the equilibrium volume in LSDA,
LSDA+U and LSDA+DMFT. The spin-resolved DOS
and PDOS for the 3d states of Mn and Co in the three
methods are reported in Fig. 1. In plain LSDA Co2MnAl
4is a half-metal with a gap in the minority spin chan-
nel of about 0.6 eV, consistently with previous liter-
ature [66, 67]. The region of low-energy excitations,
around the Fermi level, is dominated by the 3d states
of the transition metals. The 3d states of two Co sub-
lattices couple and form bonding hybrids, which also hy-
bridize with the manifold of 3d states of Mn, for both
eg and t2g symmetries [12]. This coupling also results
in Co-Co antibonding hybrids, which remain uncoupled,
owing to their symmetry. Therefore the gap is defined by
the triply degenerate Co-Co antibonding hybrids of t2g
character and the doubly degenerate Co-Co antibonding
hybrids of eg character. Fig. 1 illustrates how the energy
gap in the minority spin channel is defined by Co states,
while Mn-derived states are characterized by a larger gap
of about 1.5 eV.
When adding exchange and correlation effects at the
LSDA+U level, one observes an increase of the gap. In
the majority spin channel one observes that the large
peak of t2g character moves from -0.5 eV in LSDA to -0.9
eV in LSDA+U, while the smaller peaks of eg character
remain pinned at the Fermi level and at around -3 eV.
In the minority spin channel, instead, both symmetries
are affected and the spectrum is almost uniformly shifted
upwards of 0.5 eV.
In LSDA+DMFT one obtains a physical picture closer
to the one given by standard LSDA than to the one
given by LSDA+U. With respect to LSDA, two inter-
esting effects are visible. At high energies the spectrum
is smeared and shrinked towards the Fermi level, in anal-
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FIG. 2. (color online) Minority spin PDOS for the Mn-3d
states and for the Co-3d states in Co2MnAl, as obtained in
LSDA (gray shade) and LSDA+DMFT (turquoise). Negative
values are used, to have the same convention as in Fig. 1. The
difference ∆N↓(E) between the PDOS obtained in LSDA and
LSDA+DMFT for each set of states is also shown, in the
bottom panel. The Fermi level is at zero energy.
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FIG. 3. (color online) Average self-energy per orbital of the
Mn-3d states and Co-3d states in Co2MnAl, separately for
majority (left panels) and minority (right panels) spin chan-
nels. Both real and imaginary parts are reported, respectively
in the top and bottom panels. The Fermi level is at zero en-
ergy and emphasized with a vertical line.
ogy to what happens in the itinerant ferromagnets Fe,
Co and Ni [46]. Second, at low energies, NQP states ap-
pear in the minority spin channel, just above the Fermi
energy. These states lead to a smaller gap but do not de-
stroy the half-metallic character. An interesting feature,
which is just visible in Fig. 1, is that NQP states affect
mainly Mn-3d states, while the effects at the Co sites is
much reduced. This can be seen better in Fig. 2, where
the minority spin PDOS curves shown in Fig. 1 are en-
larged in the closest region above the Fermi energy. A
more quantitative measure of this asymmetry between
Mn and Co can be seen in the bottom panel of Fig. 2,
where the difference ∆N↓(E) between the minority spin
PDOS obtained in LSDA+DMFT and the one obtained
in LSDA is reported. The large negative peak at about
0.5 eV is due to the shift of the band edge, but the shoul-
der at 0.3-0.4 eV can be ascribed to NQP states. The
effects on NQP states on the spectrum at the Mn site are
about 5 times larger than those on the spectrum at the
Co sites. The signature of NQP states is particularly evi-
dent in the orbitally-averaged self-energy function, which
is reported in Fig. 3. In the minority spin channel, the
imaginary part of the Mn self-energy is characterized by
a large peak appearing at 0.4 eV above the Fermi level,
while only a small shoulder is visible for Co. This is
in sharp contrast with the majority spin channel, where
curves have similar shapes. One can also notice that the
magnitude of the corrections induced by the self-energy
for Mn is much bigger than for Co. This is in agreement
with studies on the transition metal elements, where cor-
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FIG. 4. Interatomic exchange parameters Jij between
all magnetic atoms in bulk Co2MnAl as given by LSDA,
LSDA+U and LSDA+DMFT. Interatomic distances are ex-
pressed in units of the equilibrium lattice constant.
relation effects were shown to be the larger, the closer
the 3d shell is to half-filling, i.e. the larger the magnetic
moment [54]
Magnetic properties can be analysed through the total
and site-projected magnetic moments, which are reported
in Table I, for LSDA, LSDA+U and LSDA+DMFT.
While LSDA and LSDA+DMFT lead to similar values,
in LSDA+U one can see that the moment at the Mn site
is increased, which is compensated by an increase of the
anti-parallel moment in the interstitial region (in between
the muffin-tin spheres). This change is not determined
by the redistribution of the total charge in between the
two regions but by a genuine increase of the exchange
splitting. This remodulation is also accompanied by a
smaller change of magnetic moment at the Co sites.
Using the electronic structure obtained in LSDA,
LSDA+U and LSDA+DMFT, we calculated interatomic
exchange parameters Jij ’s. Results are shown in Fig. 4.
In bulk Co2MnAl, the Jij ’s decay quite fast with the
interatomic distance and therefore the dominant cou-
pling is the nearest-neighbour ferromagnetic interaction
between Co and Mn atoms. The present feature is in
good agreement with prior DFT studies [68] and is in-
µMn µCo µAl µint µcell
LSDA 2.48 0.81 -0.03 -0.07 4.00
LSDA+U 2.63 0.79 -0.04 -0.17 4.01
LSDA+DMFT 2.46 0.82 -0.03 -0.08 4.00
TABLE I. Site-projected and total magnetic moments for
bulk Co2MnAl, as computed in LSDA, LSDA+U and
LSDA+DMFT. The values are given in µB .
dependent of the method used for treating correlation
effects. Consistently with the PDOS (Fig. 1), the Jij ’s
obtained from LSDA and LSDA+DMFT are quite simi-
lar to each other, whereas LSDA+U results show larger
differences. The dominant Co-Mn coupling is enhanced
in LSDA+U , which reflects the increase of the magnetic
moment reported in Table I.
B. The semiconducting CoMnVAl
CoMnVAl crystallizes in the Y structure (LiMg-
PdSn type, F 4¯3m symmetry; see e.g. Refs. 69),
where the Wyckoff positions 4a(0, 0, 0), 4b(1/2, 1/2, 1/2),
4c(1/4, 1/4, 1/4) and 4d(3/4, 3/4, 3/4) are respectively
occupied by Mn, Co, Al and V. It can be synthesised as
a solid solution by mixing Mn2VAl and Co2VAl in equal
amount [70]. The primitive cell contains 24 valence elec-
trons and, according to the Slater-Pauling rule [71, 72],
should be expected to be a semiconductor (SCs), either
magnetic or non-magnetic [73]. Among the quaternary
Heusler compounds, one is more likely to find small-gap
SCs, since the unit cell contains three different transition
metals [74]. CoMnVAl was in fact predicted to be a non-
magnetic SC through first principles calculations [39, 74],
although the presence of an indirect negative gap for-
mally makes it a semi-metal [39, 73]. The lattice constant
measured in experiments amounts to 5.80 A˚ [70], which
is rather close to that of Co2MnAl. These characteristics
make CoMnVAl and Co2MnAl suitable to be grown in
heterostructures useful for spintronics [39].
As for Co2MnAl, we performed relaxation of the lat-
tice constant in GGA. The BZ was again sampled with a
dense Monkhorst-Pack grid of 16 × 16 × 16 k-points. We
obtained an equilibrium lattice constant of 5.74 A˚, which
is in line with the values obtained with a pseudo-potential
plane-wave method [75] and with a full-potential lin-
earized augmented plane-wave (FP-LAPW) method [73],
respectively 5.76 A˚ and 5.74 A˚. The calculated lattice
constant is in reasonable agreement with the experimen-
tal value reported above, leading to an error of about
1%.
In the ground-state there are no finite magnetic mo-
ments, consistently with previous literature. The spin-
integrated DOS and PDOS of CoMnVAl are reported
in Fig. 5, for LSDA, LSDA+U and LSDA+DMFT. The
data obtained in LSDA show a small amount of states at
the Fermi energy. The origin of these states is clarified by
inspecting the LSDA band structure, reported in the top
panel of Fig. 6. The valence band crosses the Fermi level
at the Γ-point, while the conduction band goes below it
at the X-point. These semi-metallic features have been
reported in prior works [39, 73]. Further insight into the
band structure can be obtained by analysing projections
over real spherical (cubic) harmonics (data not shown).
One can identify that the contribution at the Γ point
arises from Mn and Co t2g states, while at the X point
there are mainly V-eg states. The latter hybridize with
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FIG. 5. (color online) Total DOS of CoMnVAl, as well
as PDOS for the 3d states of Mn, Co and V, as obtained
in LSDA (gray shade), LSDA+U (blue) and LSDA+DMFT
(turquoise). Only the total trace is shown, since the system
is non-magnetic. The Fermi level is at zero energy and em-
phasized with a vertical line.
Mn and Co eg orbitals to form the conduction band ex-
tending from X to Γ.
In LSDA+U CoMnVAl turns into a proper SC. This is
not fully visible in Fig. 5, due to the smearing used for
printing DOS and PDOS (see Computational Details).
Nevertheless, the band structure reported in the middle
panel of Fig. 6 shows this feature unambiguously. The
formation of an indirect band gap along the Γ-X direc-
tion is due to the fact that the V-eg states (together with
the corresponding hybridizing states of Co and Mn) are
pushed upwards by the Hubbard U correction and be-
come completely unoccupied.
The physical picture emerging from LSDA+DMFT
calculations is more complex. The mechanism which
leads to the opening of a band gap in LSDA+U is in fact
counteracted by the fact that the occupied 3d states are
pushed upwards. This is clear in both Fig. 5 and in the
bottom panel of Fig. 6, especially around the Γ point.
As a consequence, the top of the valence band, corre-
sponding to Mn and Co t2g states, almost touches the
conduction band, corresponding to Mn and Co eg states.
In the bottom panel of Fig. 6 one can also observe that at
high excitation energies the band structure is no longer
well defined, due to shorter quasiparticle lifetimes arising
from electron-electron interaction.
FIG. 6. Total spectral densities of CoMnVAl along high-
symmetry directions in the Brillouin zone, as obtained in
LSDA, LSDA+U and LSDA+DMFT. The Fermi level is at
zero energy.
A more quantitative analysis of the changes induced
by the three computational methods can be made by ex-
tracting the Γ → X band gap from Fig. 6. In LSDA
we obtain a value of -0.14 eV, which is in fair agreement
with the value of -0.07 eV obtained in GGA with a FP-
LAPW code [73]. In LSDA+DMFT, instead, we obtain
a value of -0.21 eV, which corresponds to a variation of
around 0.07 eV with respect to the LSDA value. This
change is identical to the one obtained in GW with re-
spect to standard GGA, as presented in Ref. 73. GW
data are also similar to our LSDA+DMFT results in the
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FIG. 7. (color online) Supercell composed by 8 unit cells of
the HMF Co2MnAl (orange blocks) and by 8 unit cells of the
SC CoMnVAl (turquoise blocks). The supercell contains two
distinct interfaces, namely Co-Co/V-Al (red plane) and Co-
Mn/Mn-Al (blue panel), whose composition is shown in the
lower panels. The atoms of Mn, Co, Al and V are respectively
represented by violet, blue, turquoise and red spheres.
reduction of the direct band gap at X point, with re-
spect to standard DFT. Conversely the direct band gap
at the Γ point is increased in GW, while almost vanishes
in our LSDA+DMFT simulations. Since the impurity
solver used here (SPTF) contains diagrammatic contri-
butions that are similar to those included in GW, we
can attribute the observed discrepancies to the fact that
DMFT neglects non-local fluctuations, while they are in-
cluded in GW. Overall, however, our data agrees well
with previous literature.
In the following, for simplicity, we will refer to CoMn-
VAl as a SC, although it is such only in LSDA+U.
IV. HALF-METALLIC INTERFACE
As discussed in the Introduction, HMFs are usually in-
corporated in spintronic devices in the form of films or
multilayers and therefore it is important to address the
properties of these systems. De Wijs and de Groot [76]
were the first authors to investigate surfaces and inter-
faces of HMFs in search for good candidates for spin-
injection. Although they found out that surfaces and
interfaces of HMFs are by construction prone to a loss of
spin-polarization, they also identified NiMnSb/CdS (111)
as a system preserving the half-metallicity of its parent
material. Later, various studies addressed the problem
of interfacing HMFs with different types of SCs in the
search of good heterostructures for spintronics [77–82].
The presence of interface states reducing (or even invert-
ing) the spin polarization has been explained as due to
the lack of the d-d hybridization at the interface, which
leaves d-like dangling bond states inside the gap [83].
To solve this problem, Chadov et al. [39] suggested that
Heusler alloys have such a rich variety of physical proper-
ties that one may attempt to construct interfaces where
both the HMF and the SC are Heusler alloys. This would
make it possible to preserve the nature of the bonding
through the interface, which may potentially preserve
the complete spin-polarization. Co2MnAl and CoMnVAl
were chosen as the two fundamental components for the
interface. Among all possible stackings, Co-Co/V-Al and
Co-Mn/Mn-Al were identified as energetically favourable
interfaces which preserve the half-metallic character, and
therefore suitable for experimental realisation [39].
In this section we aim to explain under what condi-
tions the coherence of the bonding through the interface
remains persistent against the effects of electron correla-
tions. We performed electronic structure calculations of
the heterostructure composed by Co2MnAl and CoMn-
VAl. We considered a supercell of 64 atoms (32 atoms
for each component) aligned along the (001) direction, as
illustrated in Fig. 7. The structure was first fully relaxed
in GGA by means of the VASP code, as described above.
The BZ was sampled with a dense Monkhorst-Pack grid
of 8 × 8 × 2 k-points, which lead to total energies con-
verged up to 0.1 meV. The equilibrium lattice constant of
the heterostructure is of about 5.718 A˚, which is roughly
the average of the optimized bulk values reported above,
and is in good agreement with the results by Chadov et
al. [39]. The relaxed structure was used as an input for
electronic structure calculations with RSPt. For those,
the BZ was sampled with a dense Monkhorst-Pack grid
of 8 × 8 × 1 k-points.
A. Magnetic properties
First, we focus on the magnetic moments per atomic
site in LSDA, which are reported in Fig. 8. For conve-
nience, also the magnetic moments per layer are shown
(thick black line). At the Co-Co/V-Al interface, the sym-
metry of the Co sites is broken as they acquire two dif-
ferent magnetic moments. These moments are slightly
smaller than those at the Co sites in the innermost layer,
which in turn reproduces the bulk properties quite well
(see Appendix B). On the SC side of the interface, the
exchange coupling with the Co-3d states induces a small
moment at the V site. In the next layer, the moments on
Co and Mn align anti-parallel to each other, leading to a
small total moment. The non-magnetic character of the
bulk is practically recovered from the fourth layer and be-
yond. For the Co-Mn/Mn-Al interface, on the HMF side,
one observes a 10% decrease of the moment at the Mn
site with respect to its bulk value. In the second layer, in-
stead, the moments at the Co sites are slightly larger than
in the bulk. As in the Co-Co/V-Al interface, they also
exhibit a symmetry-breaking, although not so evident.
On the SC side, at the interface, one observes the forma-
tion of an induced moment at the Co site. The presence
of a large anti-parallel moment at the Mn site results in a
total moment per layer which is anti-parallel to the total
magnetization. The moments per layer on the SC side
of the interface are ordered anti-ferromagnetically along
the (001) direction. This is slightly different than what
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of Fig. 7.
happens at the Co-Co/V-Al interface, where interfacial
effects cause the first layer (V-Al) and the second layer
(Co-Mn) to have parallel moments orientation.
The LSDA results reported in Fig. 8 are similar to the
ones obtained by Chadov et al. [39]. As a general ten-
dency, the moments at the transition metals sites seem
to be slightly larger in our study than in theirs. This is
partly due to intrinsic reasons, i.e. the existence of dis-
crepancies between the electron densities calculated in a
full-potential (FP) scheme versus the atomic-sphere ap-
proximation (ASA), used respectively in this work and
in Ref. 39. The usage a FP scheme is expected to be
important especially for the layers at the interface. How-
ever, we expect that another reason why we report larger
moments with respect to Ref. 39 is the fact that we
use slightly smaller muffin-tin spheres to obtain locally-
projected quantities. In fact, in ASA one is required to
use overlapping spheres to cover the full physical space,
including the interstitial regions between different atoms,
while in a FP scheme the interstitial region is treated sep-
arately.
In Fig. 8 one can also observe the magnetic moments
obtained in LSDA+U and LSDA+DMFT. The physical
picture obtained in these two approaches is rather similar
to the one obtained in plain LSDA. Including correlation
effects leads to an increase of the magnetic moments at
the transition metal atoms. The increase is more marked
in LSDA+U than in LSDA+DMFT and is particularly
evident for the Mn and V sites on the SC side of both
interfaces. For example the moment at the Mn (V) site in
LSDA+U is about 2.5 (3.2) times larger than in LSDA. In
fact, in LSDA+U, the magnitude of the V moment in the
second layer of the Co-Mn/Mn-Al interface is comparable
to that of the Co moment in the first layer. Another
interesting observation is that in LSDA+U the moments
of the Co sites close to the interface become larger than
those in the bulk, while in LSDA and LSDA+DMFT the
situation is reversed.
Finally, we have calculated the exchange parameters
for the heterostructure. We did not consider the Co-
Co/V-Al interface because of the negligible magnetic mo-
ments at the SC side. The dominant Jij ’s at the Co-
Mn/Mn-Al interface are instead reported in Fig. 9. The
most interesting magnetic interactions are the ones across
the interface. In particular, the largest coupling happens
between two Mn atoms at the opposite sides of the inter-
face and is antiferromagnetic (green bold number), which
is also reflected by the anti-parallel moment observed in
Fig. 8. We stress that this strong antiferromagnetic cou-
pling emerges only at the interface, since in the bulk of
Co2MnAl, Mn ions are only second nearest-neighbours of
each other (see Fig. 4). This interaction is also particu-
larly affected by the inclusion of strong correlation effects
and in LSDA+U becomes even larger than the Co-Mn
9FIG. 9. (color online) Interatomic exchange parameters Jij in meV for the most relevant atomic pairs at the interface Co-
Mn/Mn-Al. Mn, Co, V and Al atoms are respectively represented as violet, blue, read and turquoise spheres. Different exchange
parameters are reported with respect to their interatomic bonds (in the same colours). Bigger circles represent atoms belonging
to xz plane with x = 0.0, while small circles represent atoms belonging to the plane with x = 0.5. The z axis is perpendicular
to the interface plane as in other plots. Notice that two different numbers are reported for the Mn-Mn bond on the side of
interface containing CoMnVAl. These numbers refer to two different directions which are indistinguishable in a 2-dimensional
plane. The upper and lower numbers correspond to bonds along the [100] and [010] directions, respectively.
nearest-neighbour coupling that drives the ferromagnetic
order of the bulk HMF. The Co-Mn interaction across
the interface (black line in Fig. 8) is ferromagnetic, but
weaker than the aforementioned Mn-Mn coupling. Fur-
ther, the Jij between Co and Mn on the CoMnVAl side of
the interface (purple line) is antiferromagnetic, but rela-
tively small, even in LSDA+U. Again on the CoMnVAl
side of the interface, one can see the presence of a small
anti-ferromagnetic coupling between Mn and V (black
lines). This coupling increases of an order of magnitude
in LSDA+U, reaching a strength comparable with the
other magnetic interactions. As discussed for the mag-
netic moments, LSDA+DMFT results in magnetic cou-
plings that are very similar to those obtained in standard
LSDA.
Within the current magnetic configuration all the mag-
netic interactions seem satisfied, suggesting that the cho-
sen magnetic order is locally stable. However, the Jij ’s
extracted by the magnetic force theorem are known to
depend on the reference state. Thus, we believe that
there are two indications that the current magnetic or-
der might not be the ground state. First, the Co and Mn
moments on the CoMnVAl side are quite small in magni-
tude; second, the Jij between them is surprisingly small.
Our interpretation is that this coupling (indicated by a
purple line in Fig. 9) might actually be ferromagnetic.
However, since it is in competition with a strong antifer-
romagnetic Mn-Mn coupling and a strong ferromagnetic
Co-Mn coupling across the interface, the system finds it
energetically favourable to suppress these magnetic mo-
ments. To verify this hypothesis we performed additional
calculations by removing the HMF from the supercell. As
a matter of fact, we obtain (data not shown) that the cor-
responding magnetic moments are ferromagnetically cou-
pled and become strongly enhanced. This situation may
potentially lead to a non-collinear spin order, which has
already been suggested for interfaces involving Heuslers
alloys [38]. A more quantitative analysis of such ordering
could be done by performing simulations based on atom-
istic spin dynamics [84, 85], but this task is beyond the
scope of the present study.
B. Spectral properties
We now focus on the half-metallic character (or lack-
ing of) at the interfaces. In Fig. 10 the PDOS for the
3d states of the transition metals at the Co-Co/V-Al in-
terface are reported. The minority-spin band gap is pre-
served in all computational approaches, but becomes par-
ticularly large in LSDA+U. It is interesting to see that
the corrections induced by the Hubbard terms are much
larger at the Co site with the largest moment (bottom
panel of Fig. 10) than at the Co site with the smallest
moment (middle panel of Fig. 10). The corresponding
self-energies of the Co-3d states (data not shown) are very
similar to the bulk values of Co2MnAl, with no evident
signature of NQP states. We can then move to the Co-
Mn/Mn-Al interface, whose PDOS for all relevant states
are reported in Fig. 11. Also in this case all approaches
preserve the half-metallic character. In LSDA+U one
observes an increase of the band gap as well as of the ex-
change splitting. In LSDA+DMFT, one observes similar
features as in the bulk Co2MnAl, even for the Mn site at
the SC side of the interface (“Mn 1” in Fig. 11). Notice
that the local magnetization axis at this site is different
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FIG. 10. (color online) PDOS for the 3d states of V and
Co (both types) at the interface Co-Co/V-Al, as obtained
in LSDA (gray shade), LSDA+U (blue) and LSDA+DMFT
(turquoise). V belongs to the SC side of the interface, while
Co1 and Co2 are located in the HMF side. Positive and nega-
tive values correspond to majority and minority spin channels,
respectively. The Fermi level is at zero energy and emphasized
with a vertical line.
than the global magnetization axis, because of the neg-
ative magnetic moment (see Fig. 8). For both Mn types
at the interface the tail due to the NQP states extends
closer to the Fermi level than in the bulk HMF, resulting
in a 35%-reduction of the band gap with respect to its
LDA value.
The inspection of the self-energy, reported in Fig. 12,
reveals that the NQP state appears only at the Mn site
belonging to the HMF side of the interface. With respect
to the bulk Co2MnAl, the NQP state is shifted closer
to the Fermi level, which reflects a stronger reduction
of the band gap, mentioned above. Conversely the self-
energy at the Mn site on the SC side of the interface
does not show such a feature and its overall similar to
the one for the bulk CoMnVAl (data not shown). The
only difference concerns the absolute intensity, which for
the majority (minority) spin channel is smaller (bigger)
than in the bulk. Notice that we again refer to the global
magnetization axis.
V. CONCLUSIONS
In this work we investigate the correlated band struc-
ture and magnetism of the Co2MnAl/CoMnVAl het-
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FIG. 11. (color online) PDOS for the 3d states of Co and
Mn (both types) at the interface Co-Mn/Mn-Al, as obtained
in LSDA (gray shade), LSDA+U (blue) and LSDA+DMFT
(turquoise). Co and Mn1 belong to the SC side of the inter-
face, while Mn2 is located in the HMF side. Positive and nega-
tive values correspond to majority and minority spin channels,
respectively. Notice that the magnetic moment at the Mn
1 site is anti-parallel to the global magnetization, therefore
there are more electrons with minority spin character than
majority spin character. The Fermi level is at zero energy
and emphasized with a vertical line.
erostructure, as well as its bulk constituents. Bulk
Co2MnAl is shown to be a HMF, whose magnetic mo-
ments and exchange couplings depend only mildly on the
inclusion of strong electronic correlations (both static and
dynamic). In LSDA+U, where the largest corrections are
observed, the magnetic moments are increased of about
10% with respect to their values in LSDA, while the in-
crease of the nearest neighbor exchange coupling is at
most of 40%. No qualitative changes, as e.g. in the sign
of the magnetic moments or the interatomic exchange
parameters, are observed. LSDA+DMFT simulations
clearly show the appearance of NQP states within the
minority-spin gap in the band structure. These states
are identified to originate mainly from Mn-3d states and
are located several hundreds meV above the Fermi level.
Therefore, they do not seem to affect the predicted spin
polarization very much. Bulk CoMnVAl is shown to be
a semi-metal in both LSDA and LSDA+DMFT, while it
turns into a proper SC in LSDA+U. The scenarios pre-
dicted by these three methods are all compatible with
experimental observations and previous literature, point-
ing to a very limited conductivity.
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The Co2MnAl/CoMnVAl heterostructure is the most
interesting system addressed in this work. In LSDA, two
distinct interfaces are predicted to have a half-metallic
character, namely Co-Co/V-Al and Co-Mn/Mn-Al. This
prediction is not changed by including strong correla-
tion effects, both through LSDA+U or LSDA+DMFT.
Our LSDA+DMFT calculations predict the appearance
of NQP states at the Co-Mn/Mn-Al interface, but this
does not affect the spin-polarization at the Fermi en-
ergy, similarly to bulk Co2MnAl. The Co-Mn/Mn-Al
interface is also interesting for its magnetism. The pres-
ence of two Mn atoms which are relatively close to each
other leads to a strong antiferromagnetic coupling, which
is stabilized by reducing the size of neighboring mo-
ments. Although the exchange interactions suggest that
the calculated collinear magnetic structure is locally sta-
ble, the suppression of some magnetic moments indicates
the presence of competing magnetic interactions, which
are likely to induce non-collinearity of spins at the in-
terface. The interatomic exchange parameters reported
in this work can in principle be used to perform finite-
temperature simulations of magnetism through atomistic
spin dynamics, which may shed further light on the mag-
netic ground state and its ordering temperature. Finally,
the Co-Co/V-Al interface does not possess any of the
intriguing features observed for the Co-Mn/Mn-Al inter-
face. Although this makes it less interesting from a phys-
ical point of view, it also makes it more suitable for con-
structing heterostructures with a high spin-polarization.
ACKNOWLEDGMENTS
We thank Iulia Emilia Brumboiu for the artwork and
Johan Scho¨tt for performing the analytical continuation.
Financial support by the DFG Research unit FOR 1348
and by the Knut and Alice Wallenberg Foundation (KAW
Projects No. 2013.0020 and No. 2012.0031) is gratefully
acknowledged. The computations were performed on re-
sources provided by the Swedish National Infrastructure
for Computing (SNIC) at the National Supercomputer
Centre (NSC) at Linko¨ping University (Sweden).
Appendix A: The role of U and J
The calculations presented in the main text were
also repeated using Coulomb interaction parameters for
Co2MnAl as calculated in Ref. 47. This means that U
(J) was set to 3.23 (0.6) eV and 3.40 (0.7) eV for respec-
tively Mn and Co. In principle, there are several reasons
why using directly those values does not represent a cor-
rect procedure in our computational scheme. First, these
values were obtained for a localized basis set (maximally
localized Wannier functions) that is different from the
one used here (atomic-like functions evaluated at the lin-
earization energy of the LMTOs; see Ref. 46 for more
details). Secondly, neither SPTF nor LSDA+U offer a
proper description of the intra-3d screening (as a matter
of fact in LSDA+U there is no screening at all, being a
single-particle approximation at the Hartree-Fock level).
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FIG. 13. (color online) As Fig. 1, but for different values of
U and J .
12
-0,8
-0,4
0
0,4
0,8
R
e 
Σ 
(eV
) MnCo
-2 -1 0 1 2
E (eV)
-1
-0,8
-0,6
-0,4
-0,2
0
Im
 Σ
 
(eV
)
-2 -1 0 1 2
E (eV)
Majority Minority
FIG. 14. (color online) As Fig. 3 but for different values of U
and J .
Therefore using calculated values from cRPA would lead
to a drastic overestimation of correlation effects beyond
DFT.
In any case, the results obtained from these additional
calculations offer a physical picture close to the one dis-
cussed in Sec. III A. We can illustrate these points with
the help of Fig. 13, where DOS and PDOS for all the rel-
evant states are reported. As a consequence of a larger
value of U , LSDA+U predicts a larger gap in the minority
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FIG. 15. (color online) PDOS for the 3d states of Mn and
Co, in bulk Co2MnAl (gray shade) and in the innermost layer
(turquoise) of the half-metallic side of the heterostructure.
Calculations were done in LSDA. Positive and negative val-
ues correspond to majority and minority spin channels, re-
spectively. The Fermi level is at zero energy and emphasized
with a vertical line.
spin channel and the formation of a pseudogap in the ma-
jority spin channel. For even larger values of U , this sys-
tem is likely to turn into an insulator. In LSDA+DMFT,
instead, one can see that the signature of NQP states in
the minority spin channel is much more evident, as a
tail of states propagates from the conduction band to-
wards the Fermi level. Even for this overestimated value
of U , however, the half-metallic character is not broken,
which confirms the whole analysis presented in the main
text. Also concerning the self-energy, which is reported
in Fig. 14, we do not observe qualitative differences, but
just a overall increase. The peak corresponding to the
NQP states retains the samemagnitude but shifts slightly
closer to the Fermi energy.
We also performed similar calculations for CoMnVAl,
by using Coulomb interaction parameters calculated for
Co2MnAl and Mn2VAl in Ref. 47. This means that U
(J) was set to 3.23 (0.6) eV, 3.40 (0.7) eV and 3.06
(0.55) for respectively Mn, Co and V. These parameters
are not ideal, not only for the reasons mentioned above,
but also since Co2MnAl and Mn2VAl are both HMFs,
while CoMnVAl is a SC. The physical picture emerging
from LSDA+U calculations is similar to the one already
discussed in in Sec. III B. DOS and PDOS (data not
shown) are similar to the LSDA+U curves reported in
Fig. 5, but characterized by a slightly larger gap. The
LSDA+DMFT calculations, instead, show that for this
large value of U , CoMnVAl becomes a metal. This does
not seem a realistic effect, but is likely to be due to the
perturbative nature of SPTF, which is not able to treat
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FIG. 16. (color online) PDOS for the 3d states of Mn, Co and
V, in bulk CoMnVAl (gray shade) and in the innermost layer
(turquoise) of the semiconducting side of the heterostructure.
Calculations were done in LSDA. Positive and negative values
correspond to majority and minority spin channels, respec-
tively. The Fermi level is at zero energy and emphasized with
a vertical line.
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such large values of the Coulomb interaction parameters
in absence of magnetism. This problem has been exten-
sively discussed in Ref. 86.
Appendix B: Details of the supercell
In this study we used a supercell of 64 atoms, shown
in Fig. 7. The innermost layers of each side (component)
were found to be in reasonable agreement with their cor-
responding bulk systems. Magnetic moments as obtained
in LSDA are reported in Table II. As one can see, the
properties of bulk CoMnVAl are reproduced quite well,
with all magnetic moments disappearing in the layers of
the supercell which are farther from the interfaces. Con-
cerning Co2MnAl, instead, there is some discrepancy for
the magnetic moment at the Mn site, which in the su-
percell is about 4% larger than in the bulk. The mo-
ments at the Co sites, conversely, are about 3% smaller
in the supercell than in the bulk. Similar conclusions are
reached by looking at the PDOSs for the electronic states
of interest, which are reported in Figs. 15 and 16. The
PDOS of Co2MnAl in the bulk and in the supercell show
some differences, but those are mainly located far from
the Fermi level and therefore do not change our qualita-
tive analysis of the properties at the interface. Finally,
projections over real spherical harmonics (not shown) il-
lustrate that in the innermost layers the symmetry of the
bulk states, which is broken at the interface, is completely
recovered. Reproducing the exact crystal field splitting
observed in the bulk, however, requires a few more layers
of Co2MnAl.
µMn µCo µAl
Co2MnAl 2.48 (2.59) 0.81 (0.78) -0.03 (-0.03)
CoMnVAl 0.00 (0.00) 0.00 (0.00) 0.00 (0.00)
TABLE II. Site-projected and total magnetic moments for
bulk Co2MnAl compared to the corresponding values (within
parentheses) in the innermost layer of the HMF side of the
interface. The values are expressed in µB and are obtained in
LSDA.
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